Abstract The wavelength dependence of laser induced breakdown spectroscopy (LIBS) in the analysis of the carbon contents of coal was studied using 266 nm and 1064 nm laser radiations. Compared with the 1064 nm wavelength laser ablation, the 266 nm wavelength laser ablation has less thermal effects, resulting in a better crater morphology on the coal pellets. Besides, the 266 nm wavelength laser ablation also provides better laser-sample coupling and less plasma shielding, resulting in a higher carbon line intensity and better signal reproducibility. The carbon contents in the bituminous coal samples have better linearity with the line intensities of atomic carbon measured by the 266 nm wavelength than those measured by the 1064 nm wavelength. The partial least square (PLS) model was established for the quantitative analysis of the carbon content in coal samples by LIBS. The results show that both of the 266 nm and 1064 nm wavelengths are capable of achieving good performance for the quantitative analysis of carbon content in coal using the PLS method.
Introduction
The carbon content in coal is an important index of the coal's properties. On-line measurement of the carbon content in coal is necessary for power plants because the quick estimation of the coal's properties is very helpful for a power plant to optimize the combustion process and realize accurate coal pricing [1−3] . Laser-induced breakdown spectroscopy (LIBS) is a very promising technology for the on-line measurement of the carbon content in coal due to its advantages, including rapid and in situ analysis, no or minimal sample preparation, simultaneous multi-element measurement, and so on [4−6] . Until now, a number of studies on the measurement of carbon content in coal by LIBS have been performed [7−10] . However, the measurement precision and accuracy of carbon content in coal are not satisfactory, mainly caused by the complex physical and chemical processes of the laser ablation and the laserinduced plasma from its generation to its expansion into the ambient gas [11−14] . The laser ablation process is closely related to the laser wavelength because the coupling of the laser energy to the sample is clearly affected by the irradiation wavelength [15] . Previous studies have shown that ultraviolet (UV) wavelength can improve the coupling efficiency when compared to the longer wavelengths, i.e., 532 nm and 1064 nm [16, 17] . Besides, for nanosecond laser-induced breakdown, the plasma shielding depends on the laser wavelength, which is caused by the interaction of the laser radiation with the expanding plume. It has also been shown that the UV wavelength can reduce the plasma shielding compared to the longer wavelengths [18] . As the laser ablation process and the laser-plasma interaction process are clearly affected by the laser wavelength, the quantitative results of LIBS could be influenced by the laser wavelength. Several studies have shown that UV radiation has a better performance than infrared (IR) radiation for the qualitative and quantitative analyses of LIBS [15−17] . Although the UV radiation is shown to be capable of better performance, using a 1064 nm laser as the fundamental wavelength laser is less expensive and it is therefore more widely used. For this reason, the investigation and comparison between the use of UV (266 nm) and the more widely used (1064 nm) wavelength are still worthy for LIBS analysis. In this study, the laser radiance 266 nm and the laser radiance 1064 nm were used, respectively, for the measurement of carbon content in coal. The focus of this study is to investigate the effects of varying the irradiation wavelength on the analytical results of the carbon content of coal.
Experimental setup
Two different laser irradiances, 1064 nm and 266 nm, delivered by a Q-switched Nd:YAG laser (Beamtech, China), were used to conduct the quantitative analysis of the carbon content of coal. The laser beam from the Q-switched Nd:YAG laser with a pulse duration of 7 ns was focused perpendicularly onto the sample surface. For both of the laser irradiances, the lens-to-sample distance was adjusted to ensure a spot diameter of 200 µm and the pulsed laser energy was kept at 40 mJ. The spot diameter was estimated from the crater diameter on the surface of a copper sample that was ablated by the laser pulse at 10 mJ. The laser-to-sample distance was adjusted to obtain a crater of 200 µm in diameter for the 266 nm and 1064 nm wavelengths, respectively. The plasma emission was collected by six Czerny-Turner spectrographs and charge coupled device (CCD) detectors, which covered an overall range (nm) from 190 to 309, 309 to 460, 460 to 588, 588 to 692, 692 to 884, and 884 to 1041, respectively, with a nominal resolution of 0.07 nm. The gate delay time was adjusted to 1 µs. The integration time was fixed at 1 ms.
The coal samples used in the experiment are eighteen standard bituminous coal samples, which were certified by the China Coal Research Institute. As shown in Table 1, the carbon content in these coal samples ranged from 42% to 82%. The powder of each coal sample was placed into a small aluminum pellet die (φ=30 mm, h=3 mm) and then was pressed by a pressure of 20 tons. The samples were mounted on an auto-controlled X-Y translation stage and exposed to air. A partial least square (PLS) model was established for the quantitative analysis of the carbon content in coal using the whole spectral information. The whole spectrum ranged from 190 nm to 1041 nm, and the whole spectral information included about 10980 intensities. In order to establish the statistic relationship between the carbon content and the whole spectrum information by PLS, the number of calibration samples should be large enough. Besides, sufficient validation samples are also needed to evaluate the performance of the PLS model. Therefore, the coal samples were divided into the calibration and validation sets. Twelve samples were used for calibration and six samples were used for validation. To ensure a wide range and even concentration distribution in both sets, all of the samples were first arranged by their C concentrations, and then one of every three samples was chosen for validation. For both of the two laser irradiances, twenty-five locations were measured for each pellet. The aerosol particles produced from each laser shot were blown off to eliminate aerosol influence on the signal. The background was subtracted from each spectrum to reduce the systematic signal fluctuation. The intensity was defined as the integration of channel readings of an emission line above the background. The system was warmed up for 1 h to ensure the thermal stability of the instruments.
3 Results and discussion
Crater morphology
The optical microscope is used to observe the ablated crater. Fig. 1 shows the crater morphology of the No. 16 coal sample ablated by the 266 nm wavelength and the 1064 nm wavelength, respectively, at two magnifications. As shown in Fig. 1 , the crater morphology of the No. 16 coal sample ablated by the 266 nm wavelength is better than that ablated by the 1064 nm wavelength. Compared with the 266 nm wavelength radiation, the surrounding area of the crater is more severely affected by the 1064 nm wavelength radiation. This phenomenon should be caused by the thermal effects of the 1064 nm wavelength radiation. Besides, when the observation point is changed from the sample surface to the crater bottom, the moving distance of the microscope ocular can be used to determine the crater depth. The depth of the crater ablated by the 266 nm wavelength is about 12 µm, while the depth of crater ablated by the 1064 nm wavelength is about 6 µm. It shows that the 266 nm wavelength can penetrate much deeper below the sample surface than the 1064 nm wavelength. Previous studies have shown that the 266 nm ablation removes more mass than the 1064 nm ablation, which may result from the better energy coupling and less plasma shielding [15, 17] . Therefore, the depth of crater ablated by the 266 nm wavelength is larger than that ablated by the 1064 nm wavelength. Besides, compared with 1064 nm wavelength, the spectral line intensities of other elements, such as Si, Al, Ca, and Mg, in the spectrum obtained by the 266 nm wavelength were also much stronger. The higher line intensities of carbon and other elements should be attributed to the fact that the 266 nm wavelength can ablate more mass due to better laser-sample coupling and less plasma shielding. In addition, the emission intensities of CN, O (I) and N (I) obtained by 1064 nm are higher than those obtained by 266 nm. This may indicate that for the 1064 nm laser ablation more of the surrounding air was excited and interacted with the carbon to produce CN due to the more intense interaction of the 1064 nm radiation with the plasma [18] . 
Quantitative results
Three parameters were selected to evaluate the performance of the calibration model, including the relative standard deviation (RSD) of the spectral line intensity, the R 2 of calibration curve, and the root-meansquare error of prediction (RMSEP) of mass concentration. The RSD can evaluate the precision of measurement. The smaller the RSD, the more precise the LIBS measurements. R 2 can assess the quality of the data points used to establish the calibration model. RM-SEP can indicate the accuracy of the predictions made by the models.
The integrated intensity of C (I) 247.856 nm was selected to establish the uni-variate calibration model. Fig. 3 shows the comparison of the RSD values of C (I) 247 nm line intensity obtained by 266 nm and 1064 nm radiations, respectively, for all the 18 bituminous coal samples. The average RSD of the carbon intensity obtained by 266 nm is 5.62%, while that obtained by 1064 nm is 10.81%. It indicates that the 266 nm wavelength laser ablation provides better signal reproducibility, which may also result from the better laser-sample coupling and less plasma shielding [16] . The measured C (I) 247 nm line intensity does not have a good linearity with the carbon concentration due to the strong matrix effect, both for the 266 nm and 1064 nm wavelengths. Previous study has shown that the main matrix effect for carbon content measurement is the diminution of atomic carbon emission in high volatile coal samples [8] . If only the coal samples whose volatile content was lower than 25% are chosen for calibration, then the R 2 could be obviously increased. A similar result could also be found for the carbon content analysis using 266 nm and 1064 nm wavelengths. Therefore, the univariate calibration curve was established only for the bituminous coal samples that have lower volatile content. Fig. 4 shows the calibration plots of the C (I) 247 nm line intensities obtained from the 266 nm wavelength and 1064 nm wavelength laser ablation. The R 2 value of the calibration plot for 266 nm wavelength is 0.56, while that for 1064 nm wavelength is 0.30. The result shows that carbon contents in the bituminous coal samples have better linearity with the C (I) 247 nm line intensities obtained by the 266 nm wavelength than those obtained by the 1064 nm wavelength.
The PLS model was established using the whole spectral information for 266 nm and 1064 nm wavelengths, respectively. The number of principle components in the PLS model was determined by the leave-one-out cross validation (LOO-CV) method to avoid noise overfitting. Fig. 5 shows the calibration and validation results of the established PLS models. As shown in Fig. 5 , R 2 and RMSEP of the PLS model for the 266 nm wavelength are 0.99 and 1.64%, respectively, and those values of the PLS model for the 1064 nm wavelength are 0.99 and 1.55%, respectively. The results show that both of the 266 nm and 1064 nm wavelengths are capable of achieving good performance for the quantitative analysis of carbon content in coal.
Conclusions
The carbon contents of eighteen bituminous coal samples were measured by laser-induced breakdown spectroscopy (LIBS) using two laser wavelengths: 266 nm and 1064 nm. Compared with the 1064 nm wavelength laser ablation, the 266 nm wavelength laser ablation has less thermal effects, resulting in a better crater morphology on coal pellets. Besides, the 266 nm wavelength laser ablation also provides better lasersample coupling and less plasma shielding, resulting in a higher carbon line intensity and better reproducibility of the signal. The carbon contents in the bituminous coal samples have a much higher linearity with the line intensities of atomic carbon measured by 266 nm wavelength than those measured by 1064 nm wavelength. The PLS method was utilized for the quantitative analysis of carbon content in coal by LIBS. The results show that both of the 266 nm and 1064 nm wavelengths are capable of achieving good performance for the quantitative analysis of carbon content in coal. In addition, the signal improvement approaches, such as the doublepulse [19] and the fast-discharge [20, 21] , have been applied to improve the analytical performance of LIBS. Future work may need to focus on evaluating the wavelength dependence in the analysis of carbon content in coal by LIBS when these signal improvement approaches are utilized.
